Conventional ultraviolet photoelectron spectroscopy (UPS) has been successfully used for decades to study static electronic properties of surfaces and their interaction with adsorbates. The recent progress in the creation of femtosecond and attosecond VUV pulses by means of high-order harmonic generation (HHG) opens the potential to operate UPS in a time-resolved mode, which is capable of monitoring ultra-fast dynamical changes of surface properties. It is now possible to evaluate the temporal evolution of chemical surface reactions on their fundamental time scales.
Introduction
Femtosecond Ti : Sapphire laser systems are proven tools for the study of real-time dynamic surface processes on ultrashort time scales. With these systems, the achievable time resolution is controlled by the ability of the laser to deliver short optical femtosecond pulses in a stable, reproducible manner. The wavelength regime accessible by a conventional short-pulse Ti : Sapphire oscillator lies typically between the near infrared and optical regions, down to wavelengths of 200 nm. In a photoemission (PE) experiment, this wavelength regime only probes a relatively restricted bandwidth of the surface electronic states, specifically those states located a few electronvolts around and above the Fermi edge. Therefore, most of the surface related PE studies using this kind of laser source are based on a two photon PE process and focus mainly on electronic excitations, excited (pumped) and probed by the fundamental, second and third harmonic of the 800 nm laser output (for an overview see, e.g. [1] ). However, an extension of the excitation wavelengths into the VUV, EUV and x-ray regions for these experiments allows for direct access to much deeper electron levels. These deeper electron levels are important because they also contain information on the chemical or the magnetic state or the structure of the surface. Therefore, real-time observation of ultra-fast surface property changes, such as the surface chemical state, with femtosecond resolution is possible and these changes can, in principle, be monitored over their entire temporal evolution.
To achieve this, an amplifier system is needed to boost the peak power of a Ti : Sapphire oscillator several orders of magnitude, which then induces nonlinear optical effects, resulting in frequency conversion beyond the region accessible by the non-amplified laser output. In the late eighties, Rhodes co-workers [2] and Manus co-workers [3] described for the first time the generation of high-order harmonics and reported the conversion of the amplifier output to ultra-short coherent light pulses in the VUV, EUV and the x-ray regions. Later, photon energies up to 700 eV were observed by this technique [4] [5] [6] and pulse widths as short as 200 as have been reported for these light bunches [7, 8] . It is this latter property, in particular, which makes high-order harmonic generation (HHG) a unique source for the study of dynamical processes when ultra-high temporal resolution is required. Therefore, using a high-order harmonic source in a surface science PE experiment within a pump-probe scheme provides exciting insights into dynamical surface processes on extremely short time scales, something which was not possible until recently.
Haight pioneered the use of HHG for surface related experiments by demonstrating that HHG can be used as a light source for valence-and core-level photoelectron spectroscopy (see figure 1 and [15] ). At this point, he had already recognized the two main advantages of the high-order harmonic source compared with those of the conventional short wavelength light sources, namely, that the harmonic source is both a small-scale (table-top) and a tunable VUV source and that the short pulse 
5/2 As 3d
As/Ge (111) hν = 67.2 eV Figure 1 . PE spectrum of the As 3d 3/2 and 5/2 spin-orbit split core states from a single monolayer of As deposited on Ge(111) recorded using an HHG source at a photon energy of 67.2 eV (from [51] ).
Figure 2. Series of events for HHG in the tunneling ionization regime: (a) owing to distortion of the atomic potential by an intense laser field, the electron can tunnel through the Coulomb barrier and is consequently accelerated away from the atomic core; (b) after reversal of the laser field, the electron returns to the ion and can (c) recombine with the atom, resulting in the generation of a photon at an odd harmonic frequency of the driving laser field.
structure of the photon pulse from the harmonic source is, in principle, capable of real-time experiments on a femtosecond time scale to study ultra-fast dynamic processes at surfaces. In the first part of this review, a brief introduction to the principles of HHG will be given. This is followed by a description of the important aspects of the experimental set-up for time-resolved ultraviolet photoelectron spectroscopy (UPS), focusing on details such as wavelength selective UV optics and electron detection. In the third part of this review, static UPS results obtained with high-order harmonic sources will be discussed with an emphasis on the advantages of HHG in comparison with other UV sources. In the final section, time-resolved UPS measurements will be presented where electronic excitations as well as changes in the chemical state of a surface were successfully monitored.
High-order harmonic generation
HHG has been investigated both experimentally and theoretically in detail over the last two decades. The driving force for these studies was to investigate the fundamental nature of this highly nonlinear process and to evaluate the potential of HHG as an experimental tool in different research fields. Therefore, one of the goals of several of these studies is the improvement of the source specifications with respect to photon flux, photon energy, pulse width and the handling of the source to facilitate experimental use by 'non-experts'.
Next, the principle mechanism of HHG is qualitatively described. First, the illumination of an atom with a high intensity laser induces either multiphoton ionization at moderate intensities or tunnel ionization at high intensities (>10 14 W cm −2 in the infrared regime) (see figure 2 ). Once free, the electron moves in the laser field E(t) and, when the laser field reverses, the electron can return to the ion core. One possible consequence of an electron-ion interaction at this point is the emission of high energy light, where the maximum achievable photon energy is limited only by the kinetic energy that the electron can accumulate during this optical halfcycle [9, 10] . For long laser pulses (>100 fs) and moderate intensities, this cut-off energy is given by 3.17U p + E 0 , where
2 (atomic units) is the so-called ponderomotive energy, I and ω are the intensity and frequency of the electromagnetic field, respectively, and E 0 is the ionization potential of the atom. This relation is derived in a rather straightforward manner using a semi-classical approach, which considers the electrons released from the atomic potential due to ionization (see figure 2(a)) with no initial energy and at various times during the optical cycle of the laser field [11] . Solving the equation of motion for the electrons interacting with the oscillating electric field of the laser (see figures 2(b) and (c)) shows that the maximum kinetic energy of an electron when it returns to the nucleus is equal to 3.17U P . The spectral distribution of the emitted light consists of odd harmonics of the fundamental frequency ω, which reflects the periodicity of the creation process owing to the oscillating laser field. The restriction to odd multiples of ω results from the inversion symmetry of the isotropic gaseous medium [12] . A factor limiting the energy is the depletion of the ground state of the atom due to ionization before the laser pulse intensity reaches its maximum. The use of sub-100 fs lasers overcomes this intensity limit and enables the extension of the harmonic regime to even higher photon energies as a result of the nonadiabatic response of the atom to the fast rise time of the laser pulse [13] . In this way, the generation of harmonics in the water-window (280 eV < hν < 540 eV) could be realized [4, 5] with energies approaching 800 eV [6] .
Probably, the most surprising property of the harmonic spectrum is that the intensity of the harmonics does not generally decrease with increasing harmonic order [14] . Although the harmonic intensity decreases with harmonic order from the third to the eleventh order harmonic, higher harmonics, in contrast, do not follow this perturbative pattern. Instead, these high harmonics show a constant intensity regime known as the 'plateau', which extends to the cut-off region where the intensity decreases rapidly again. It is this special feature resulting from the non-perturbative character of the interaction that makes this type of UV source powerful enough to be used for photoelectron-spectroscopy over a wide photon energy range within the EUV region.
However, the efficiency and the cut-off energy of HHG depend on several factors including the gas species, focusing conditions [14] and the pulse width and chirp of the fundamental pulse [5] . With respect to the gas species, the atomic polarizability increases with atomic number; therefore, the highest conversion efficiencies are observed for the heavy noble gas species (Kr and Xe). On the other hand, the high ionization potential of the light noble metals allows for higher cut-off energies [15] . Typical harmonic spectra for different noble gases are shown in figure 3 . Overall, conversion efficiencies per harmonic of 10 −7 -10 −8 have been achieved [16] and, for optimized conditions, efficiencies up to 10
have been reported [17, 18] . These conditions correspond to an effective photon flux of >10 10 photons/second using an input laser pulse energy of 150 µJ at a 1 kHz repetition rate.
The temporal characteristic of the emitted high-order harmonic pulses is a topic of recent interest wherein the harmonic pulse durations are calculated to be significantly shorter than the ultra-fast laser pulse and these calculations even predict the creation of attosecond pulses [19] . Earlier experiments confirm that the pulse duration is indeed shortened [20, 21] . 
Harmonic order

Attosecond EUV pulses
Very recently, several groups succeeded in the preparation and measurement of trains of attosecond harmonic pulses and single attosecond harmonic pulses [7, 8, 22] . These experiments paved the way for a new time regime. Attosecond pulses are generated by superimposing a comb of equidistant frequencies with an appropriate phase relationship, such as the spectral distribution obtained in the high-order harmonic plateau [7, [23] [24] [25] . The Fourier synthesis leads to the generation of a train of attosecond pulses separated by 2π/ω 0 , where ω 0 corresponds to the spectral separation of the harmonics and is, therefore, twice the oscillation frequency of the fundamental laser pulse. Even a single attosecond EUV burst can be generated if an intense, low-cycle pump pulse is used. The single attosecond EUV burst results from the highly nonlinear dependence of HHG on the pump intensities in combination with the depletion of the neutral atomic ground state [26, 27] . Finally, the capability of these sources to perform time-resolved experiments on these extremely short time scales was demonstrated in quite a spectacular gas phase experiment [8, 28] . Two review papers on the topic of EUV attosecond pulses generated by means of HHG have been published recently [29, 30] . In the future, the use of these attosecond pulses in a PE experiment may provide exciting temporal probes for extremely short events, such as attosecond charge transfer processes or charge screening dynamics at surfaces.
Experimental and technical aspects for realizing time-resolved PE using high-order harmonics
An all-optical pump-probe scheme in the experimental design is necessary to make use of the extreme time resolution offered by the femtosecond temporal structure of the highorder harmonics in a time-resolved experiment. . Principle scheme of a time-resolved PE experiment for monitoring ultra-fast surface processes. First, an ultra-short optical pump pulse initiates the dynamical process to be probed and defines the time-zero, t 0 , of the measurement. Then a second ultra-short photon pulse arriving at the surface with a defined temporal delay, t, after excitation is used for the PE spectroscopy. The corresponding PE spectrum is characteristic for the state of the surface at t 0 + t. Repetition of the experiment at varying delay times t results in a series of photoelectron spectra reflecting the temporal evolution of the process originally initiated by the pump pulse. demonstrates how such a scheme can be applied to a PE experiment to probe, for example, the dynamics of a chemical surface reaction. An intense, ultra-short laser pulse (typically the output of the amplifier system or its second harmonic) is used to excite the surface into a non-equilibrium state. The arrival time t 0 of the exciting (pump) pulse at the surface also defines the time-zero, t 0 , of the experiment. At a certain time after excitation, t 0 + t, the HHG pulse arrives at the surface and a photoelectron spectrum is recorded where the recorded spectral distribution is characteristic for the chemical state of the surface at t 0 + t. Repetition of this experiment at subsequent time intervals allows for characterization of the sample state as it relaxes back into an equilibrium ground state. In principle, it is possible to monitor the entire temporal evolution of this process using this approach. It is important to note that the temporal resolution that can be achieved with this experiment is essentially determined by the temporal width of both the pump and the probe pulse. A schematic view of an experimental set-up for time-resolved photoelectron spectroscopy using HHG is shown in figure 5 . Details of some of the key parts of the set-up, including the harmonic source, wavelength selection and electron spectrometer, are described in the following subsections.
High-order harmonic source
Experimentally, the generation of high-order harmonics requires both an intense short-pulse laser source and an interaction region/environment between the laser and the (noble)gas. Today, the most convenient way of generating
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Topical Review sufficient intense laser pulses for HHG are Ti : Sapphire laser systems based on chirped pulse amplification (for an overview see [31] ). Commercial systems are nowadays available with pulse energies in the range of millijoules, output pulse width in the range of ten to some tens of femtoseconds and repetition rates up to several kilohertz. A suitable interaction region between the laser and the atom, which delivers a sufficiently high gas pressure, can be created in different ways. In its simplest form, a constant gas flow is introduced into a gas cell. However, an important issue in the construction of such a cell is that the gas load for the rest of the system must be kept as low as possible, since VUV light is strongly absorbed in most materials and even the absorption owing to the propagation of the harmonic through the source gas can significantly reduce its intensity. For example, for an argon pressure of 5 mbar, only 10% of the light at a wavelength of 35 nm (∼35 eV) is transmitted over a distance of 1 cm [32] . A small gas load is even more important if the harmonic source is coupled to the ultra-high vacuum system used for surface science experiments as there is no conventional window available which transmits light in the EUV regime, but blocks the harmonic generation gas load from the UHV system.
By introducing a piezoelectric valve with a typical repetition rate of several hundred hertz, the average gas flow can be reduced significantly in comparison with a cell with a permanent gas flow ( [33] , see figure 6(a)). However, the closing cycles of the nozzle must be electronically synchronized with the clock speed of the pulsed laser to ensure that the maximum gas pressure occurs when the pulse arrives in the interaction region. This complication can be avoided if the set-up is designed such that the gas flows through a cell in the form of a thin tube where the thin tube is orthogonal to the plane generating the harmonics (figure 6(b)). In this design, the fundamental laser beam enters through a small hole on one side of the tube, and the harmonics leave the tube via a hole on the other side [34] . If the diameter of the entrance and exit holes for the laser and high-order harmonics are kept as small as possible (about 200 µm), then the gas load to the surrounding vacuum chamber is significantly reduced, while still allowing continuous gas flow through the tube. Alternatively, keeping the inner diameter of a three-section hollow fibre experimental set-up between 100 and 200 µm (figure 6(c)) produces a similar effect. In the hollow fibre configuration, the gas enters at the fibre intersections, which results in a constant gas pressure in the centre part of the fibre. Then, a small inner diameter on the other guarantees a high pressure gradient to the vacuum system and acts as a differential pumping stage. An additional advantage of the latter configuration is the increase in the interaction length between the laser and the gas as the beam is guided at high intensities through the hollow core fibre over a length of several centimetres. Phase velocities of both the fundamental beam and its harmonic are a function of the waveguide diameter and gas pressure and the phase velocities can, therefore, be adjusted to minimize the phase mismatch. This leads to a very long coherence and interaction length with a corresponding increase in conversion efficiency [35] . For other set-ups, the process of HHG is spatially restricted to the length of the focus in use.
Spectral selection of harmonics
For photoelectron spectroscopy, a defined photon energy is required that ideally shows an energy spread much smaller than the signature of interest in the photoelectron spectrum. Therefore, a certain energy range of the HHG source spectrum has to be selected. However, the bandwidth of the UV pulses simultaneously fixes the achievable temporal pulse-width of the UV bunch and, therefore, the maximum time resolution of the PE experiment. Therefore, a compromise between these two constraints (energy resolution and temporal resolution) must be found.
Reflection gratings are the most common method of wavelength selection where the gratings are arranged in a toroidal configuration that focuses the harmonic ray onto the sample. This approach is convenient for situations where the harmonic radiation is used for static spectroscopy or when the dynamics of interest require a time resolution of the order of picoseconds. The use of a grating allows for an easy tunability of the VUV source over a wide photon energy range, which is of particular advantage when compared with other selection techniques.
However, the diffraction of the specific wavelength by the grating into a finite order other than the specular reflex results in a tilt of the wave front with respect to the propagation direction. The resulting maximum path length difference between extreme rays is translated into an effective temporal broadening of the pulse perpendicular to the propagation direction (see figure 7 , for a detailed discussion of this aspect see [36] ). This effect can be quite critical for sub-100 fs pulses which have a longitudinal spatial extension that is less than 30 µm. Depending on the grating parameters, the temporal spread, τ , owing to the wave-front tilt can be significantly larger than this distance. can be derived from the grating equation and is given by [37] :
where N is the number of illuminated grooves at the grating, d the grating constant, c the speed of light and α and β, the incidence angle and angle of diffraction, respectively, as defined in figure 7 (a). Figure 7 (b) displays the time-spread τ due to the wave-front tilt as a function of photon energy as calculated from equation (1) using the grating parameters and diffraction geometry described in the caption for figure 7. It is obvious that the effect of the wave-front tilt is most critical for the lower harmonics and that this effect significantly decreases as the harmonic order increases. However, the fact that an acceptable reflectivity of gratings in the sub-30 nm range requires additional grazing incidence conditions adds more restrictions and complexity to the design of the monochromator. Leone and co-workers [38] experimentally verified this grating dispersion effect for high-order harmonics and found a temporal spread of approximately 800 fs for the 17th harmonic using a toroidal grating (300 lines mm −1 , total diffraction angle of 172˚). Reduction of the illuminated area, N · d, by placing a 1 mm iris in front of the toroidal grating resulted in a decrease of the temporal spreading to 400 fs.
Compensation for the wave-front tilt can, in principle, be achieved by the use of two gratings in a compensated monochromator scheme as proposed by Villoresi [39] . In this scheme, two identical curved gratings are used to achieve the wavelength selection by diffraction from the first grating in combination with a slit located in its focal plan. The second grating is placed symmetrically with respect to the focal plane to compensate for the path length difference. Villoresi also calculated the effective group velocity dispersion (GVD) of this set-up, which is due to the pathlength difference of rays of different wavelengths. Even though it is not possible to completely compensate for both the GVD and the wave-front tilt in a two-grating set-up simultaneously, Villoresi found that the induced GVD is still quite low when the pathlength difference per nanometre is within 5 µm. For a typical spectral harmonic width of the order of 0.5 nm, this corresponds to a temporal spread of 15 fs.
Experimentally, a compensated (non-symmetrical) twograting scheme for harmonic selection has been implemented in the experimental set-up used by the Leone group [38] . In this configuration, they were able to reduce the measured temporal width of the 17th harmonic from 400 fs using the single grating configuration to 180 fs using the compensated two-grating scheme.
Since the reflectivity of gratings in the VUV range is typically rather low and the compression performance of the two grating configuration quite sensitive to misalignments, a single grating set-up for harmonic selection may still be an interesting option. A scheme that should still be able to compensate for the wavefront tilt within such an approach has been proposed [40] . Instead of correcting the distortion of the harmonic (probe) beam, the propagation of the optical excitation (pump) pulse is adjusted. By correctly choosing the corresponding angle between the pump and probe beam, their wavefronts can be aligned parallely so that they hit the surface in parallel. This guarantees that the predefined temporal delay between the pulses is kept constant along the wavefront without affecting the (local) effective temporal width of the pulses. For other angles (e.g. in the case of a typically near-collinear arrangement) where this parallel alignment is not achieved, it is, in fact, this wavefront misfit that produces the main contribution to temporal broadening within a pump-probe experiment. More recently, a three-grating set-up has been proposed, which leaves the temporal structure of a selected harmonic pulse essentially undisturbed [41] . Ray tracing simulations indicate that the remaining stretching due to wavefront distortions is only about 1 fs.
Alternate optics that effectively select a restricted spectral regime of the harmonic spectrum are VUV or EUV multilayer mirrors. These UV and x-ray optics are equivalent to dielectric filters in the optical regime. They consist of a layered structure in which the optical constants vary periodically with depth, resulting in selective reflection of electromagnetic waves having particular wavelengths. In contrast to a diffraction grating design, wavelength selection results from interaction with the periodicity perpendicular to the surface plane reflection in the zeroth order (specular reflection). Therefore, the outgoing ray does not exhibit the typical wave-front tilting seen with conventional gratings. These optics are particularly useful in extending the capability of time-resolved PE experiments to achieve time-resolved studies in the low femtosecond regime [42, 43] and even down to the attosecond regime [8] . Not only do the VUV and EUV multilayer mirrors leave the temporal characteristics of the UV pulses unchanged, they also have the advantage of quite high reflectivities having been achieved for specific spectral ranges. For example, silicon-molybdenum stacks, probably the most prominent type of multilayer mirror, can be produced to give reflectivities as high as 69% at a wavelength of 13.6 nm (91 eV) [44] . In addition, this value is not restricted to grazing incidence angles, but can also be specified for a wide range of angles including normal incidence, which makes this kind of optics quite convenient to align. A further benefit is that modifications in the stacking parameters can potentially be used to add a defined amount of positive or even negative dispersion to the reflected beam in a manner similar to dielectric mirrors in the optical regime. In this way, it may even be possible to compensate for the dispersion intrinsic to the harmonic spectrum itself [45] .
There are, however, two main obstacles to the use of multilayer mirrors for wavelength selection. First, in the EUV/XUV regime, all materials absorb and this limits the number of layers that can contribute to the overall reflectance and also defines the selected spectral window. Second, roughness in combination with interdiffusion and alloying of the materials can potentially degrade the individual interfaces and their subsequent performance. Therefore, this restricts the number of materials that can be combined to manufacture a multilayer mirror with specific characteristics. A further drawback of multilayer optics, when compared with the selection gratings, is the limited tunability of the multilayer optics over a rather small wavelength regime, which makes these optics less flexible.
A different approach to harmonic selection described in the literature is the use of a laser pulse with a defined control of the temporal shape to drive the HHG process [46] . For example, femtosecond pulse-shaping, in combination with generic algorithms for optimization of a given process, has been applied to numerous applications in the past few years (see e.g. [47] ) Specifically, Bartels et al [46] successfully demonstrated that harmonic selection is possible by means of this technique where they were able to increase the intensity of a selected harmonic by a factor of eight, whereas adjacent harmonic orders were only slightly enhanced.
Electron detection
Electron time-of-flight (ToF) techniques are typically required for efficient detection of the electrons photo-emitted from the sample because of the relatively low photon yield in combination with the pulsed nature of the high-order harmonic source at repetition rates of 1 kHz. In a conventional detection mode the read-out electronics enables detection of only a single electron per incident light-pulse, which limits the possible count rate to a maximum of approximately 1 10 the repetition rate of the laser. Otherwise, detection of fast electrons (corresponding to the high energy side of the photoelectron spectrum) will be favoured in comparison with low energy electrons, resulting in significant distortions of the recorded photoelectron spectrum. This problem can be overcome by the use of a multi-hit per shot detection mode which increases the achievable count rate considerably. Multi-hit detection can either be achieved by the use of a multi-anode detector [48] or by the use of modern read-out and signal conversion electronics specified for a fast serial acquisition detection mode. Further improvement in detection efficiency can be achieved by the use of collimating electron optics. For example, parabolic electron mirrors and magnetic bottle ToF set-ups that allow for an efficient collection of emitted photoelectrons over a large solid angle have been successfully used for gas-phase PE experiments (see [38, 49] ) and also in a restricted number of surface science experiments [50, 51] . If required, angular resolution can be conserved through the use of the multi-anode detection mode.
Using photon energies of the order of several tenths of an electronvolt, results in a maximum kinetic energy of electrons of the same magnitude. As the energy resolution, E, of ToF detectors quadratically decreases with increasing kinetic energy of the electrons, care must be taken to ensure that E is kept within an acceptable range. To ensure this, a sufficiently long electron drift tube, fast detection electronics (TDC) or retarding meshes in the drift tube may be used.
In the future, electrostatic electron analyzers equipped with two-dimensional detectors for parallel acquisition of a finite area in energy-momentum space may be used as an alternative scheme for high electron detection efficiency using low-repetitive light sources. The advantages of this type of a detector when compared with the conventional ToF spectrometers are a high energy resolution independent of the electron kinetic energy and the additional information depth with respect to momentum space. Figure 8 shows an example of a photoelectron spectrum from a Cu(111) surface that has been recorded with a two-dimensional hemispherical analyzer using the second harmonic of a low repetitive (1 kHz) laseramplifier source.
PE using high-order harmonics
Static photoelectron spectroscopy using high-order harmonics
The easy tunability of high-order harmonic sources over a wide range of the EUV regime makes them an attractive alternative to conventional EUV sources in laboratory use. The broad spectral distribution of the high-order harmonic source within the accessible photon energy range (a range of several ten electronvolts) offers a flexibility close to that of a synchrotron source in this spectral regime. This feature is particularly important as cross-sections for PE depend critically on photon energy in the UV range and these crosssections also contain valuable information on the surface properties under investigation. For example, resonance PE close to the absorption threshold of a core level can be used to enhance certain features in the valence band spectra or even to discriminate between possible excitation channels for the emission process [52] . From these so-called shape resonances in PE experiments, conclusions on the detailed orientation and bond length of a molecule can be drawn [53] . Wavelength tuning can also be used to enhance surface sensitivity as a result of the energy dependent escape depth of electrons [54] . Furthermore, dispersion effects as a function of the photon energy are useful for discriminating between bulk and surface states. Figure 9 (a) shows PE spectra of c(4 × 2)-2CO/Pt(111) for different photon energies that were obtained by Tsimilis et al [55] using a high-order harmonic source. For these measurements, excitation energy tuning was not only achieved by the selection of a single harmonic, but the harmonic spectral width of about 1 eV was also allowed for additional (continuous) tuning. Therefore, the spectra shown in figure 9 (a) were recorded at photon energies that do not necessarily correspond to odd multiples of the fundamental wavelength of 800 nm (hν = 1.55 eV). In these spectra, a modulation in the relative peak intensities of the CO-induced 4σ , 5σ and 1π states is obvious. Figure 9(b) shows the corresponding PE cross-section for these peaks as a function of excitation energy. The 4σ and 5σ resonances located at photon energies of 37 eV and 28 eV, respectively, have been reported in an earlier publication [56] and can be assigned to shape resonances of the CO molecule [57] . In contrast, the 1π shape resonance has not been previously observed. Comparing this result with theoretical calculations [58] indicates that this feature is a result of an auto-ionization resonance of the CO molecule involving the 3σ and 2π * states. In a separate report from the same group, low energy resonances arising from secondary electron emission in the HHG PE spectra for the clean Pt(111) were identified and attributed to the detailed band-structure above the vacuum level [59] . An important detail in the identification of these resonances was that the kinetic energy of the electrons emitted from this feature is independent of photon energy. Again, the key to a correct interpretation of these results was the tunability of the harmonic source used in these experiments.
Haight and Peale [60] used this flexibility to discriminate between the PE from the bulk and surface states of an As-terminated Ge(111) surface. Distinct features in the PE spectra are due to excitation from a bulk band dispersing in k, perpendicular to the surface plane and disperse, therefore, as a function of photon energy. Two other peaks at small binding energies do not disperse at all. Comparison of this observation with calculations of the surface band structure for this system allowed us to identify these features as As-derived electron states located at the surface. Haight and Seidler [61] also used a harmonic source for the spectroscopy of the localized and, therefore, narrow core-levels. For example, the 3/2-5/2 splitting of the Ga 3d core level of approximately 400 meV was clearly resolved. For spectroscopic experiments of the Pb 5d level, the tunability of the HHG source produced a significant cross-sectional enhancement of the PE signal from the core level by increasing the photon energy.
These examples illustrate how the harmonic source is roughly as flexible as the synchrotron sources for PE spectroscopy. Even though the HHG source flux is orders of magnitude smaller than what is possible for modern synchrotron sources, integration times for the PE results presented here are still convenient (a few minutes per spectrum). This means that a relatively inexpensive, table-top laboratory system can produce results for purely spectroscopic applications, comparable to those obtained using a synchrotron source with the added advantage of continuous access to the equipment.
Time-resolved PE experiments
The short pulse structure of the high-order harmonics enables the study of dynamic processes with a time resolution in the low femtosecond or, as recently demonstrated, even in the attosecond regime. In terms of the experimental design, a conventional set-up for photoelectron spectroscopy is used with an HHG source in combination with an all-optical pumpprobe scheme. Only this configuration allows the high temporal resolution offered by the extremely short light pulses to be experimentally achieved. Figure 5 shows an example of the experimental set-up for time-resolved UPS where this set-up uses a two-stage Ti : Sapphire multi-pass amplifier at 2 kHz repetition rate that can deliver 25 fs laser pulses with an energy of up to 1 mJ pulse −1 [43] . The short-pulse EUV source is a threesection capillary set-up for phase matched harmonic generation pumped by approximately 500 µJ from the amplifier. For argon, this produces a typical spectrum containing up to the 31st harmonic, which corresponds to a photon energy of 48 eV. A 200 nm thick aluminium filter placed between the harmonic source and the wavelength selection device blocks the transmission of the fundamental laser and also guarantees that the gas load from the harmonic cell is almost completely separated from the UHV chamber. Therefore, during operation, the pressure in the UHV chamber is maintained near 10 mirrors optimized for 42 eV, where the second mirror has a 1 m radius of curvature for focusing the EUV beam onto the surface. Photoemitted electrons are detected in a multi-hit ToF detection system with a 600 mm drift tube. PE spectra are recorded at a count rate of up to 8 kHz (4 counts/shot in average) without the significant spectral distortion that may result from the intrinsic dead time of the detection electronics. For time-resolved (pump-probe) experiments, part of the laser beam is picked up by a beam splitter and is then propagated over an optical delay stage to adjust the temporal delay t between the (fundamental) pump and (high-order harmonic) probe. Finally, the pump beam is focused slightly onto the sample to induce an excitation of the surface. The EUV pulse, following the pump beam at a defined temporal delay, t, is used to take a photoelectron spectrum that is characteristic of the surface state at t 0 + t. Successive changes in the temporal delay, t, between the pump and probe pulse allows us to sample, with femtosecond temporal resolution, the evolution of a given process from excitation to relaxation back to its ground state.
Probing electron excitations.
The first time-resolved PE experiments using short-pulse VUV sources based on nonlinear processes, such as HHG, focused on the investigation of the decay dynamics of electronic excitations. In principle, photon energies in the optical and near UV regime are sufficient to probe excited electron distributions and their decay. For example, several studies using time-resolved 2PPE have been performed to study the relaxation dynamics of excited carriers in the low excitation density regime [1] . However, at increasing excitation densities, thermo-and multiphoton emission induced by the pump pulse becomes relevant and will, at some point, dominate the low energy spectrum of the electron distribution curve (EDC) (see figure 10 taken from [62] ). Riffe et al [63] provides a quantitative discussion of the different effects involved in this type of process. In summary, the pump-pulse induced electron emission background can extend to quite high kinetic energies, up to several electronvolts, which means that the PE spectrum from a probe pulse with low photon energy can become completely blurred and any information on the excited state distribution and its decay will be lost. However, using the higher energy probe photons in the EUV regime removes the photoelectrons from this background to give a clear spectral distribution.
In earlier work, Haight and co-workers, in particular, focused on the investigation of carrier dynamics in a variety of semiconductor systems, such as InP(110), GaAs, Au/GaAs(110) and As-terminated Ge(111), which were close to the conduction minimum or inside the band gap. For semiconductors in this energy range the phase space for electron-electron scattering processes is quite limited and the decay of an excited electron distribution is determined by the electron lattice interaction (electron-phonon scattering). In these experiments, typical time scales for the energy relaxation were of the order of several picoseconds, so that the use of light pulses of several hundred femtoseconds and the use of reflective grating optics was not critical. A detailed overview and discussion of these works is given in [64] . Of particular interest are the results obtained regarding the excited carrier dynamics at a GaAs(110)-surface shown in figure 11 [65] . In this example, an angular-resolution mode of the electron spectrometer was efficiently used to probe the dynamics of population exchange between two separate points in momentum space as result of momentum transfer owing to the electron-phonon interaction. PE spectra recorded at different emission angles using 10.7 eV UV light showed Figure 10 . Example of high kinetic energy PE for a Pd(111) single crystal using different pump intensities of an 800 nm (1.55 eV) pump pulse. In comparison with the UPS spectrum ( ) using the p-polarized 15th harmonic, PE up to several electronvolts is observed from the fundamental, which can exceed for low kinetic energy, in particular, the count rates achieved with the harmonic (from [62] ). (b) (a) Figure 11 . (a) Pump-probe PE spectra from cleaved GaAs(110). The bottom spectrum was collected at an emission angle of 34˚relative to the surface normal in the¯ -X direction. The top spectrum was collected along the surface normal corresponding to emission from¯ . The peak appearing at a binding energy of about 1.5 eV is due to PE from electrons excited by the pump pulse. Inset: the relevant surface and bulk projected band structures (hatched regions); (b) Pump-probe delay curves for emission from¯ (•) and fromX (•). Fits from the model calculations described in the text are shown as dashed (¯ ) and dot-dashed (X) curves.
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that the population of the GaAsX-valley after absorption of the 700 nm pump beam is delayed by approximately 0.9 ps, with respect to the population of the¯ -valley. This delay is related to inter-valley scattering from the¯ -to theX-point, which was induced by electron-phonon scattering. A rate equation model was fitted to the data which revealed that the characteristic scattering time, f , was approximately 0.4 ps. More recently, this set-up was used to investigate the decay of excited carriers in organic light emitting materials such as tris(8-hydoxy quinoline) aluminium (Alq) [66] , where Alq is a material of interest for organic light emitting diodes (OLED). For these materials, the results show that the detailed decay processes are more complex and that other relaxation channels, such as Förster transfer, stimulated emission, concentration quenching and singlet-singlet excitation annihilation, have to be taken into account to explain the experimental findings.
In addition, the relaxation dynamics of highly excited electrons in an insulator (α-SiO 2 ) has been investigated in an 'inverted' UPS pump-probe scheme [67] . For this experiment, high-order harmonic radiation (25th harmonic) was used as the pump (exciting) pulse, where the fundamental and second harmonics of the amplifier output probed the population decay at 30 eV above the conduction band minimum. For harmonic selection, a boron-silicon multilayer mirror was used so that the temporal width of the pump-probe cross-correlation could be maintained at approximately 100 fs. The measured Ultra-fast decay of the non-thermal distribution of the electron gas, created by absorption of an intense pump laser pulse (800 nm, absorbed fluence 1 mJ cm −2 pulse −1 ), probed with the 29th harmonic (43.5 eV). The non-thermal contribution (see arrow) has completely decayed 250 fs after the excitation (from [69] ).
temporal decay in the population of these highly excited electrons lies within 10 ps and is due to both ejection of the electrons out of the solid and inelastic processes such as impact ionization. An important outcome from these data was that the upper limit for impact ionization rate was estimated to be about 1 40 ps −1 , which is surprisingly small. In contrast to semiconductors and insulators, the relaxation and thermal dynamics of excited electrons in metals after absorption of femtosecond pulses in the optical regime is much faster (from ten to a few hundred femtoseconds) [68] . Therefore, a study of these processes specifically requires the short-pulse characteristic of the high-order harmonics, which makes this source unique in comparison with alternative VUV sources. However, experiments focusing in detail on the relaxation of hot electron distributions at metal surfaces using high-order harmonics have not yet been carried out. Instead, the transient ultra-short signature at and above the Fermi edge related to the fast decaying hot electron distribution after absorption of the femtosecond pump pulse has been found to be quite useful in locating the temporal overlap in the fundamental pump and the EUV probe experiments. For transition metals, the lifetime of this distribution can be quenched down to the order of 10 fs, which makes it a good reference for estimating the upper time resolution limit for the optical pump/HHG probe experiment, particularly when nondispersive harmonic selection is used. Siffalovic et al [42] found that after excitation of a Pt(110) surface with 800 nm light at an intensity of 2 × 10 11 W cm −2 the induced nonequilibrium hot electron distribution probed by the high-order harmonic light had almost completely disappeared after 100 fs. Similar findings for Pt(111) have also been reported by Bauer and co-workers [69] using comparable pump intensities. As can be seen in figure 12 , it was possible to observe significant changes in the hot (non-thermal) electron distributions for the first 50 fs after excitation, which gives an idea about the time resolution that can be achieved in these experiments. Note that for both studies, multilayer mirrors were used for harmonic selection. Even though this was not the focus of these studies, both results indicate that the decay of the nonthermal hot electron distribution in a transition metal such as Pt happens on a significantly shorter time scale than that for gold where thermalization times of the order of a few hundred femtoseconds were found [68] . In comparison with gold, the much higher density of d-electronic states around the Fermi edge of platinum increases the phase space for electronelectron scattering and accounts for these observations.
Time-resolved valence and core-level spectroscopy.
Experiments using harmonic sources for both conventional photoelectron spectroscopy and for probing the decay dynamics of electronic excitations at surfaces complement experiments performed with alternate photon sources, such as synchrotron light (UPS) and femtosecond pulses in the optical regime (2PPE). However, in both cases, the full potential of high-order harmonic sources, i.e. the capability to deliver (sub-) femtosecond pulses at photon energies in the EUV regime, is not fully realized. Indeed, the combination of these two properties enables monitoring, with femtosecond resolution, of the time-dependent changes to the valenceand core-level electronic structure of a surface. In other words, the electronic levels that contain information on the chemical bond between a molecule and a surface can be examined. Therefore, a time-resolved PE experiment using high-order harmonics provides insight into the dynamics of surface chemical processes on their fundamental time scales. In the final part of this section, two recent experiments are reviewed that successfully show how high-order harmonics were applied to the study of dynamic surface processes by monitoring transient changes in the valence and core electronic structure, respectively, on a femtosecond time scale. In both cases, photon energies in the EUV regime were used, at hν ≈ 40 eV and hν ≈ 70 eV, respectively.
In the first experiment, the observed changes in the spectral distribution of a valence orbital for molecular oxygen adsorbed on Pt(111) are assigned to changes in the chemical state of the adsorbate on a time scale of only a few hundred femtoseconds (see figure 13) [69, 70] . In this case, the sample under investigation was prepared by adsorbing a saturation layer of molecular oxygen onto a Pt(111) substrate maintained at a surface temperature of 77 K. These conditions result in the superoxo sites on the platinum surface predominantly occupied by the oxygen. The characteristic feature of interest for the oxygen chemical state appears at a binding energy of about 6 eV, with respect to E F in the UPS spectrum, which corresponds to PE from the 1π orbital of the oxygen. Next, a chemical transition of the oxygen is induced as it couples with the Pt substrate after absorbing an intense femtosecond laser pump-pulse (absorbed fluence: 1 mJ cm −2 pulse −1 ) that efficiently excites/heats the electron gas. Specifically, the authors observe the instantaneous creation of a non-thermal electron distribution in the platinum substrate, which decays on a time scale of approximately 200 fs. Simultaneously, a change in the spectral characteristics of the oxygen 1π orbital appears in the spectral distribution, where this change is significantly delayed, with respect to the pump excitation and does not appear before, approximately 100 fs have passed. Figure 13. Time-resolved PE results from a saturation layer of molecular oxygen adsorbed on a Pt(111) surface. (a) PE spectra obtained for the ground state of the system and at four different temporal delays. The shoulder (or peak) appearing in the spectra in the energy region between 6 and 8 eV binding energy is due to PE from the 1π -orbital of the oxygen. Transient changes observed in this region can be assigned to an excitation from the superoxo ground state of the oxygen into a peroxo excited state. The full black lines are Lorentzian fits to the data in comparison with a Lorentzian fit of the ground state spectrum (grey line). (b) Signal intensity as a function of temporal delay for a binding energy of ∼7 eV ( ) reflecting the transient dynamics associated with the oxygen molecule. In addition, the decay dynamics of the non-thermal distribution for the electron sub-system of the substrate is included in the graph ( ). Grey lines show the calculated transient changes in the temperature of the electron gas (--) and the lattice temperature (----).
a continuous shift of the oxygen 1π feature to higher binding energies and a narrowing of its line width as the time delay increases to 1 ps. For longer times (several picoseconds), an almost complete recovery of the original (time zero) signal is observed, indicating that the observed chemical modification is mainly of a transient nature. However, this recovery is not fully complete as a permanent (nonreversible) change of the spectral characteristics of the oxygen is observed for prolonged interaction times. This is an indication that, in addition to relaxation into the original ground state configuration (superoxo oxygen), an alternative decay channel into a different, stable oxygen configuration is possible for the transient chemical oxygen state. Comparing this result with the static UPS-spectra obtained for molecular oxygen adsorption at low coverages shows that this second relaxed state corresponds to the peroxo state of oxygen on Pt(111).
Next, comparison of the time evolution of the PE signal with model calculations of the transient electron gas temperature and lattice temperature using a two-temperature model shows that the transient excitation of the molecular oxygen is, in this case, induced by the coupling of the adsorbate and the hot electron distribution. However, these results also show that the transient molecular oxygen state is not influenced by interactions with the lattice, which heats and cools on a much longer time scale than that for the transient states of the adsorbate.
In another time-resolved PE experiment, Siffalovic et al [71] monitored surface photovoltage transients on p-GaAs after photoexcitation of electrons from the valence into the conduction band using an intense 400 nm femtosecond pump-pulse. For these experiments, they used <100 fs EUV pulses with a photon energy of about 70 eV. The carrier (c) Temporal evolution of the centre of gravity of the Ga-3d line (•) after pulsed photoexcitation of the p-GaAs(100) crystal (from [71] ). The two closed symbols correspond to experimental data taken at a delay of +1 ps at different times from the start of the experiment to check for the influence of systematic errors.
transport dynamics between the bulk and surface regions and the carrier recombination at the surface were probed by monitoring transient shifts of the Ga-3d core levels (binding energy ≈20 eV). The corresponding kinetic energy of the photoemitted electrons (≈50 eV) guarantees an exceptionally high surface sensitivity, as this energy is located right at the minimum of the mean-free path of electrons in solids [54] and has, therefore, an enhanced sensitivity to the surface photovoltaic effect. Furthermore, the relevant spectral probe feature is by this means sufficiently retracted from the PE background induced by the intense pump pulse (10 GW cm −2 ) extending to kinetic energies of up to 10 eV, which would otherwise significantly blur the signal.
To understand the dynamic processes in the p-GaAs surface region induced by the absorption of the pump-pulse, the static electronic structure in the vicinity of the surface has to be considered ( figure 14(a) ). The excess charge associated with the existence of GaAs surface states located within the bandgap is compensated by a thin space charge region of a few nanometres, which leads to band bending in this area compared with the bulk band. Absorption of light results in the creation of free carriers (electrons in the conduction band and holes in the valence band), which are then accelerated by the surface potential towards the surface (for the electrons) and into the bulk (for the holes), respectively. This charge redistribution in the surface layer results in a transient reduction in the band bending that can be monitored by tracking the corresponding energy shift in the binding energy of the 3d core levels of the Ga atoms located inside the space charge layer. In figure 14(b) , the corresponding photoelectron spectra are displayed as function of temporal delay between pump and EUV probe pulse. The observed shifts in the centre of gravity of the Ga-3d peak reflect the dynamics related to the discharging and recharging of the surface layer owing to the transient charge redistribution. A fast carrier transport to the surface layer is indicated by a fast peak shift (within approximately 500 fs) to lower binding energies ( figure 14(c) ). However, the relaxation into the surface layer ground state occurs on much longer time scales (about 15 ps) and is driven by recombination processes and trapping of the electrons in surface states.
Concluding remarks
As an extension to conventional photoelectron spectroscopy, which is the present technique of choice for probing electronic band-structure and related bulk and surface properties, timeresolved photoelectron spectroscopy has the potential to become one of the leading ultra-fast dynamical probes for such diverse processes as surface femto-chemistry, ultra-fast magnetization or laser-induced structural phase transitions. Therefore, the experiments reviewed here, particularly those focusing on sub-picosecond dynamics, can be regarded as a starting point to this novel and evolving research field.
This review has focused on the most recent developments of time-resolved UPS at surfaces and has emphasized the importance of HHG for creating the ultra-short light pulses necessary for achieving the time-resolution required for the study of ultra-fast dynamical processes. By extending the photon energy range into the x-ray regime, it will, in the future, also be possible to address the deeper core levels by means of time-resolved XPS experiments. These core levels contain additional information on the surface electronic state and other related surface properties, which is complementary to information gained from the valence levels. A milestone in this direction has been realized recently with the creation of sub-femtosecond x-ray pulses at photon energies >1 keV using a laser-driven high-order harmonic process [72] . In addition, parallel to these table-top experiments, the next generation free electron lasers (FEL) can potentially deliver VUV and soft x-ray pulses in the sub-100 fs regime. It is the high brightness and capability for continuous tunability of these sources, in particular, that offers flexibility in their use for time-resolved PE not possible in laboratory experiments, even though experimental challenges such as the jitter-free temporal synchronization of the laser-pump and the FEL probe pulse with an accuracy of the order of femtoseconds and the temporal characterization of the FEL light bunch must first be solved. In addition to the current pump-probe experiments using conventional synchrotron sources [73] , the experience gained over the last few years with laser-based table-top experiments will provide the foundation for the knowledge necessary to realize the first femtosecond FEL pump-probe experiments.
